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Abstract

Background and Aim: Environmental factors play a key role in development of
Crohn’s disease (CD), thought to be mediated by changes in the gut microbiota. We
aimed to delineate the potential contribution of antibiotic exposure to subsequent
development of CD, across diverse geographical populations.

Methods: This case—control study in Australia and three cities in China (Hong Kong,
Guangzhou, and Kunming) included four groups: patients with CD, at-risk individuals
including non-affected first-degree relatives (FDRs) and household members of CD
patients (HM), and unrelated healthy controls (HCs). Environmental risk factors,
including childhood antibiotic use and 13 other categories, were assessed using a self-
developed questionnaire. Logistic regression and conditional logistic regression were
used to determine environmental factors associated with CD development.

Results: From 2017 to 2019, a total of 254 patients with CD (mean age:
37.98 £+ 13.76 years; 58.3% male), 73 FDR (mean age: 49.35 + 13.28 years; 46.6%
male), 122 HMs (including FDR) (mean age: 45.50 & 13.25 years; 47.5% male), and
78 HC (mean age: 45.57 &+ 11.24; 47.4% male) were included. Comparing CD
patients with their FDR and HMs, antibiotic use before 18 years old was a risk factor
for CD development (adjusted odds ratio [OR] 3.46, 95% confidence interval
[CI] 1.38-8.69; P = 0.008). There were no significant differences in other childhood
environmental risk factors between CD and their FDR or HMs. Subgroup analysis
showed that antibiotic use <18 years old was a risk factor for CD development in the
Chinese (adjusted OR 4.80, 95% CI 1.62-12.24; P = 0.005) but not in Australian
populations (OR 1.80, 95% CI 0.33-9.95; P = 0.498).

Conclusion: Use of antibiotics <18 years was a risk factor for CD development.
Attention should be paid to identifying modifiable environmental risk factors in early
childhood, especially in at-risk families.
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Introduction

There is a rapid increase in incidence of inflammatory bowel dis-
eases (IBD), including Crohn’s disease (CD) and ulcerative coli-
tis (UC), in newly industrialized countries at the turn of the 21st
century." A recent Asia-Pacific population-based study in eight
Asian countries and Australia demonstrated that Hong Kong and
Mainland China had among the highest disease incidence in
Asia, while Australia has the equal highest incidence of these
diseases in the world.” The incidence of IBD in Hong Kong has
risen by three-fold in the past decade.®* While there has been a
greater awareness of IBD globally, the marked increase in inci-
dence of IBD in newly industrialized countries is likely to relate
to environmental exposure, in particular to exposure in early life.

IBD is thought to result from both genetic and environmen-
tal factors influencing the gut microbiota to produce an immune
response.™® So far, positive family history is the strongest identifi-
able risk factor for IBD development.” First-degree relatives
(FDRs) of patients with IBD have a 3-20-fold increased likelihood
of developing the disease than the general population.®® Siblings
of patients with CD have 35 times increased relative risk of devel-
oping CD than the background population.” However, familial
aggregation is less prevalent in population of emerging disease
incidence including Asia, suggesting that environmental factors
likely contribute to the change in epidemiologic trends.

Among all factors studied, antibiotic use has been shown
to affect the gut microbiome leading to inflammation in the gut.
Studies in the West have shown that antibiotic exposure during
childhood was associated with an increased risk of subsequent
development of CD,'™'? while the protective effect of antibiotic
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use was reported for Asians in the Asia-Pacific Crohn’s and Coli-
tis Epidemiology Study (ACCESS) cohort and Middle Eastern
migrants in Australia.>'> A recent systematic review identified
that smoking, urban living, appendectomy, tonsillectomy, and
antibiotic exposure increased the risk of CD, while physical
activity, breastfeeding, and bed sharing were associated with a
reduced risk of developing CD.'*

Genetic predisposition plus sharing of putative environ-
mental factors could possibly explain the familial aggregation of
IBD.'>'® Genome-wide association studies have identified more
than 200 alleles associated with CD. However, only 8.2-13.1%
of heritability was explained by genetic variation, suggesting that
other shared environmental and/or epigenetic factors might be
involved.'”'® It is therefore important to study the possible envi-
ronmental factors associated with CD development in both CD
patients, their unaffected FDRs, and close household members
(HMs), with a view to modifying environmental risk factors that
predate CD development.

In this study, we aimed to define the contribution of envi-
ronmental factors to the increased CD susceptibility in populations
at risk for CD (FDRs and HMs), in both Chinese and Caucasian
populations by comparing childhood exposures between CD-
affected individuals, FDR, HMs, and healthy controls (HCs).

Methods

Study design and participants. The ENIGMA (Eastern
Inflammatory Bowel Disease Gut Microbiota) study consortium
comprises IBD specialist centers in Hong Kong (developed
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economy China), Guangzhou (urban China), Kunming (rural
China), and Australia. This case—control, observational study rec-
ruited four participant groups: patients with CD, FDRs of
patients with CD, HMs of patients with CD, and unrelated HCs
(referred to hereafter as HCs). Inclusion criteria included: sub-
jects aged 218 years old; competent to provide informed consent,
and have lived in the same geographic area for the preceding
6 months. Exclusion criteria included the use of prebiotics, pro-
biotics, or antibiotics in the last 3 months, use of laxatives or
anti-diarrheal drugs in the last 3 months; recent dietary change
(e.g. becoming vegetarian/vegan), known current complex infec-
tions or sepsis (excluding uncomplicated infections such as influ-
enza), known history of severe organ failure, bowel surgery in
the last 6 months (excluding colonoscopy), presence of an
ileostomy/stoma, current pregnancy; known contraindications to
colonoscopy; and colonoscopy in the last month before
sampling.

Recruitment and setting. The study took place across
Australia, Hong Kong, Guangzhou, and Kunming, between
October 2017 and December 2019. Subjects were recruited cases
from a weekly IBD out-patient clinic at a major metropolitan
hospital in Melbourne, Australia, a major acute hospital in Hong
Kong, and two regional hospitals from Mainland China
(Guangzhou [GZ] and Kunming [KM]). Study investigators iden-
tified eligible participants, explained the study, answered partici-
pant questions, obtained written consent forms, and booked
participants’ research visit (see study visits). If FDRs or HMs
had attended the IBD clinic, we recruited them in the same man-
ner described for cases. Alternatively, we asked cases to provide
contact details of eligible FDRs and/or HMs and invited them
to participate via phone. Unrelated HCs were recruited from gen-
eral gastroenterology clinics via phone or in person in Australia,
via mass media in Hong Kong and from visitors visiting
regional hospitals attending health talks in regional hospitals in
Guangzhou and Kunming.

Study visits. Researchers met with participants and collected
demographic and clinical information via interview and review
of electronic medical records. Experienced researchers assessed
questionnaire data for clarity and completeness.

Measurement tools. Demographic and clinical information
were collected using a custom-built form. For all participants,
age, weight, gender, smoking status (smoker, ex-smoker,
non-smoker), family history of IBD, appendectomy history,
co-morbid illnesses, proton pump inhibitor use, food supplements
including prebiotics, probiotics, or antibiotics within 3 months of
recruitment were collected.

For CD cases, the following additional information was
collected: disease duration, severity and extent of disease (char-
acterized according to the Montreal classification), dose and
duration of current medications, self-reported drug compliance,
and disease activity based on the CD activity index (CDAI).

Environmental factors were collected using a self-
developed questionnaire. Since there was no validated environ-
mental questionnaire to be used in both China and Australia, we
developed a questionnaire, the ENIGMA Environmental Ques-
tionnaire (EEQ) based on the Asian Environmental Questionnaire
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(AEQ), which was derived from the International Organization
for study of Inflammatory Bowel Disease (IOIBD). Although the
questionnaire for IOIBD and AEQ were not formally validated,
they have been previously used in other studies of IBD
cohorts.>'?~?! In this study, we developed a cross-culturally valid
and linguistically comparable environmental questionnaire in
Chinese and English for ENIGMA study. It was used in geo-
graphically different populations including Hong Kong Chinese,
Mainland Chinese, and Australians. Three versions of EEQ were
developed: the English version, the Chinese (Hong Kong) and
Chinese (Mainland) version.

The original AEQ was demonstrated to be valid for use in
Hong Kong Chinese population. In Australia, a small number of
existing items were removed or modified and new items were
added for the different culture. In the EEQ, demographic and die-
tary components in the original AEQ were removed as these
would be assessed separately in the ENIGMA study. Six steps
were undertaken in the questionnaire development: (i) new item
generation through literature review; (ii) linguistic validation
from Chinese (Hong Kong) to English using forward and back-
ward translation; (iii) cultural adaptation with the Australia team;
(iv) translation of modified items from English to Chinese (Hong
Kong); (v) combining modified items with other questions in
Chinese (Hong Kong); (vi) pilot testing and cognitive interview;
and (vii) revision, harmonization, and finalization. Regarding
translation involved in the development process, the English and
Chinese (Hong Kong) versions were translated first through a
vigorous process of linguistic validation.'®** After the Chinese
(Hong Kong) version was produced, the questionnaire was then
sent to the study sites in Mainland China (Guangzhou and Kun-
ming) for translation and cultural adaptation. Questions in the
EEQ were related to different areas: (i) ethnicity and the country
and city of birth; (ii) family history of IBD; (iii) method of deliv-
ery and breastfed history; (iv) education and job; (v) air pollut-
ants in working and living area; (vi) environmental conditions
since birth till currently, including antibiotic use, living areas,
water source, hot water supply, toilet conditions, keeping
animals, self-smoking, family smoking, and migration. The
conditions would be answered in each of the age category:
0-12 months, >12 months-5 years, >5-10 years, >10-18 years,
and at the time of filling in the questionnaire (Appendix EEQ).

Statistical analysis. All collected clinical information and
data were entered into an electronic Case Report Form (eCRF)
specifically designed for this study, and stored in a web-based
database, the Research Electronic Data Capture (REDCap) data-
base. REDCap is a secure, HIPPA-compliant web application for
building and managing eCRF, questionnaires, and databases.
Continuous variables were presented as mean + SD, while cate-
gorical data were presented as number (percentage). Table S1,
Supporting information outlines the group comparisons that were
made. A paired comparison between CD participants and their
FDRs or HMs was made using McNenmars test for categorical
variables and Wilcoxon test (differences between groups sym-
metrical) or Sign test (differences between groups asymmetrical).
An unpaired comparison between CD participants and HCs was
made using y” test for categorical variables or Mann—Whitney
U test for continuous variables. Logistic regression (unmatched
comparisons) and conditional logistic regression (matched
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comparisons) were conducted to identify environmental factors
associated with CD development, as appropriate. All variables
with P value <0.1 in univariate analyses and factors including
age and gender were included in the multivariable logistic regres-
sion models. All regression analyses were stratified by country
on the basis that multiple differences exist between countries. All
statistical tests were two-sided. Statistical significance was taken
as P < 0.05. Statistical analyses were conducted in IBM SPSS
version 25 software (IBM Corp., Armonk, NY, USA). This study
was approved by the ethics committee of each individual hospital
that participated.

Results

From 2017 to 2019, a total of 254 CD patients (100 in Australia,
98 in Hong Kong, 56 from Mainland China: GZ and KM),
73 FDRs (28 in Australia, 25 in Hong Kong, and 20 in Mainland
China: GZ and KM), 122 HMs of CD patients (including FDR)
(50 in Australia, 38 in Hong Kong and 34 in Mainland China:
GZ and KM), and 78 unrelated HCs (20 in Australia, 22 in Hong
Kong and 36 in Mainland China: GZ and KM) were enrolled
into the study. Mean age at recruitment was 38.0 = 13.8 years,
49.4 4+ 13.3,45.6 + 13.3, and 45.6 & 11.2 years for CD patients,
FDR, HMs, and HCs, respectively. There was no difference in
gender distribution between CD, FDR, and HMs and HCs. The
majority of the FDR were either parents (30.1%) or siblings
(38.4%) of the CD patients. All recruited subjects completed the
EEQ environmental questionnaire. Table 1 shows the baseline
characteristics of the participants.

Antibiotic exposure before the age of 18 years is
a risk factor for CD development. The relationship of
childhood antibiotic exposure was evaluated in CD patients
and their FDR and HMs across all regions. Overall, 21.6,
50.4, 59.4, and 77.3% of CD patients were exposed to antibiotic
at 0-12 months of age, 12 months-5 years, 5-10 years, and
10-18 years, respectively. Significantly more CD patients were
exposed to antibiotics before 18 years old compared with their
FDR and HMs (84.86 vs 73.3%; P = 0.011). A matched condi-
tional logistic regression was conducted in order to identify envi-
ronmental factors associated with CD development between all
CD patients and their FDR and HMs. Antibiotic use before
18 years old was a risk factor for CD development (adjusted
odds ratio [OR] 3.46, 95% confidence interval [CI] 1.38-8.69;
P = 0.008) (Fig. 1, Table S1).

Further subgroup analysis was performed in Australian
and the Chinese cohort, respectively. There was no significant
difference in terms of proportion of CD patients and their FDR
and HMs being exposed to antibiotics at all age groups. Compar-
ing Australian CD patients with their FDR and HMs, matched
multivariate analysis showed that only current living or working
near busy highways was the only protective factor against CD
development (adjusted OR 0.07, 95% CI 0.01-0.99; P = 0.049)
(Fig. 2, Table S2). While in the Chinese cohort, significantly
more CD patients were exposed to antibiotic at all age groups
(birth till 18 years old) compared with their FDR and HMs
(birth—12 months: 20.3 vs 11.3%; >12 months—5 years: 44.6 vs
26%; >S5 years—10 years: 53 vs 36%; >10-18 years: 74.8 vs
54.2%). A matched multivariate analysis showed that antibiotic
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use before 18 years old was a risk factor for CD development
(adjusted OR 4.80, 95% CI 1.62-14.24; P = 0.005). (Fig. 3,
Table S3).

Family history of CD is a risk factor for CD devel-
opment in the Australian cohort but not in the
Chinese cohort. The role of family history of IBD as a risk
factor for CD development’ was examined. Across regions, 16.5
and 2.6% of the CD patients and unrelated HCs had a positive
family history of IBD, although this was not statistically signifi-
cant (P = 0.597).

An unpaired analysis was performed to identify environ-
mental factors associated with CD development between all CD
patients and HCs. In the multivariable logistic regression model,
current living or working near a construction site (adjusted OR
0.49, 95% CI 0.25-0.99; P = 0.046) was protective against CD
development, while having a flush toilet between 10 and 18 years
old was a risk factor for CD development (adjusted OR 6.20,
95% CI 1.17-32.88; P = 0.032) (Fig. 4, Table S4). In the
Australian cohort, significantly more CD patients had a positive
family history of IBD compared with unrelated HCs (34 vs 10%:;
P = 0.048), although it was not significant in multivariable logis-
tic regression (Table S5). Similarly, family history of IBD was
not a risk factor for CD development in the Chinese cohort by
unpaired multivariable logistic regression (Table S6).

Discussion

Our study has addressed the hypothesis that environmental factor
plays a role in the development of CD, across different ethnic
and geographic areas, encompassing high, intermediate, and
emerging rates of CD. Antibiotic exposure before the age of
18 years was a risk factor for CD development compared with
non-affected FDR and HMs. The risk of CD in FDRs of CD
patients is almost eight times higher compared with families
without any history of IBD.*®> People living in the same family
share similar lifestyle and environment. Our research findings
supported the emerging hypothesis that environmental exposures
in early life are implicated in disease etiology and, secondly, that
modulation of these exposures can potentially modulate the risk
of IBD development later in life.

There were differences in environmental risk factors for CD
development in the Australian and the Chinese cohort. Comparing
CD patients with their FDR and HMs in Australia and China, we
showed that antibiotic use before 18 years old was a risk factor for
CD development in the Chinese cohort but not in the Australian
cohort. There have been conflicting environmental risk factors for
CD development between the East and the West, for example,
smoking and early life exposure to antibiotics had been associated
with increased risk of CD in the West, but contradictory findings
have been noted in the East.>* In our study, a different effect of
early life exposure to antibiotics has been noted in at-risk popula-
tion (FDR and HMs) in the East and the West, as opposed to previ-
ous findings compared with unrelated HCs.?> The difference in
environmental factors in the two cohorts suggested that environ-
mental factors had a different effect in the East and the West and
possibly explained the difference in the underlying disease path-
ways. Alternatively, antibiotic exposure may be so common in
some populations that risk may relate to susceptibility more than
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Age — ¢

Antibiotic use before
18 years old

0 1 2 3 4 5
Adjusted odds ratio

Figure 1 Multivariate matched analysis comparing environmental risk
factors between all Crohn's disease patients and their first-degree rela-
tives and household members.

Living or working
near busy highways

0 02 04 06 08 1 1.2
Adjusted odds ratio

Figure 2 Multivariate matched analysis comparing environmental risk
factors between Australian Crohn’s disease and their first-degree rela-
tives and household members.

Antibiotic use before 18
years old

Age L

0 5 10 15
Adjusted odds ratio

Figure 3 Multivariate matched analysis comparing environmental risk
factors between Chinese Crohn’s disease (CD) and their first-degree
relatives and household members of CD subjects.
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Flushing toilet at home from 10 to 18 years -

Running water at home from birth till 12 months -

Living in city from birth till 12 months

Current use of antibitoics 4

Living or working near construction area  #

Age

0 5 10 15 20 25 30 35
Adjusted odds ratio

Figure 4 Multivariate matched analysis comparing environmental risk
factors between all Crohn’s disease patients and unrelated healthy
controls.

exposure. Further studies are needed in different geographical loca-
tions and different ethnicities in order to identify modifiable envi-
ronmental factors in different populations.

Family aggregation of IBD has been well recognized. We
noted that significantly more CD patients in Australia had a posi-
tive family history compared with HCs. The reported prevalence
of associated family history in the Asian population was less than
that reported in the West.”>">’ The risk of developing IBD in
FDR is 30-100 times higher than that of the general population.
However, the mode of inheritance does not follow simple Men-
delian rules.?® However, there has been rapid increase in IBD
incidence in Asian and newly industrialized countries.! Genetic
factors could possibly partially explain this rise. Family history
of IBD comprises both genetic and environmental influences.
Thus, for the first time, we reported the potential modifiable envi-
ronmental risk factors for CD among family members, with a
hope to modulate their risk of developing CD in the future. How-
ever, current evidence suggests that dietary factors might exert
different effects in the East versus West. While these results
might suggest differences in the underlying disease pathways, it
is important to keep in mind that a reliable comparison is compli-
cated by different traditions in prescribing antibiotics in East
versus West, as well as access to over-the-counter antibiotics.

Our study is the first to directly compare environmental risk
factors in CD cases to their FDR and HMs in both Western and
Chinese cohorts. Given the rapid increase in the burden of IBD in
Asia, a preventive strategy is urgently needed to avoid overloading
the healthcare system. Limitations in our study include missing
data, as missing data are inevitable in a questionnaire study.
Besides, findings, especially on questions regarding early lifetime
factors, like antibiotics use, are likely to be subjected to recall bias.
Moreover, some of the important questions regarding antibiotic
use and CD development, for example, route, class, and duration
of antibiotics, specific susceptible period to antibiotics, and interac-
tion with other environmental factors, could not be answered in
the current context. Finally, patients with CD might take antibi-
otics for their disease before a diagnosis of CD is made.

In conclusion, we report for the first time that the use of
antibiotics before 18 years old was a risk factor for CD develop-
ment compared with non-affected FDR and HMs. This observed
association indicates that early childhood factors may modulate
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the risk of IBD later in life even in at-risk population. Attention
should be paid to identifying potential modifiable environmental
risk factors in at-risk family members in the future.
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Supporting information

Additional supporting information may be found in the online
version of this article at the publisher’s website:

Table S1. Univariate and multivariate matched analysis compar-
ing environmental risk factors between all CD patients and their
first-degree relatives and household members.

Table S2. Univariate and multivariate matched analysis compar-
ing environmental risk factors between Australian CD and their
first-degree relatives and household members.

Table S3. Univariate and multivariate matched analysis compar-
ing environmental risk factors between Chinese CD and their
first-degree relatives and household members of CD subjects.

Table S4. Univariate and multivariate matched analysis compar-
ing environmental risk factors between all CD patients and
unrelated healthy controls.

Table SS. Univariate and multivariate matched analysis compar-
ing environmental risk factors between Chinese CD patients and
unrelated healthy controls.

Table S6. Univariate and multivariate matched analysis compar-
ing environmental risk factors between Australian CD patients

and unrelated healthy controls.

Appendix S1. Environmental Questionnaire-IBD.
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